Introduction
Rubber as a kind of viscoelastic polymer, especially the synthetic rubber, which is able to absorb the energy and convert into heat energy, can be used as sound absorption material [1] [2] [3] . Synthetic fibers in textile as a flexible material that also has viscoelastic property can be used as sound absorption material through viscous effect, thermal conductivity and self vibration to consume acoustic energy [4] [5] . However, normally, nonwoven form was used in research and application [6] [7] . Few study has been done on synthetic-fiber-reinforced rubber composite as sound absorption material.
Jiang et al. fabricated chlorinated polyethylene (CPE)/sevenhole polyester fiber (SHPF) composites. They studied the effect of fiber content and material thickness on the sound absorption property and the effect of fiber content on mechanical property [8] [9] . When the composite thickness was 1 mm with 20% fiber content, the sound absorption coefficient was 0.42 at 2,500 Hz and tensile breaking tenacity was 12.73 MPa with elongation at break of 16.12%. With 20% SHPF proportion, the composite thickness changed from 1 to 2 and 3 mm, the sound absorption property of the composite was greatly improved [8] [9] . Zhou et al. fabricated reclaimed rubber/SHPF composites; when the composite thickness was 1 mm with fiber content 20%, the sound absorption coefficient was 0.407 at 2,500 Hz and tensile breaking tenacity was 11 MPa with elongation at break of 44.12% [10] . When the thickness changed from 0.5 to 1 and 2 mm with a constant fiber content of 20%, the sound absorption property was significantly improved [10] . In addition, relevant research documents of hollow synthetic-fiber-reinforced rubber composite and its sound absorption property haven't been found.
In this study, hydrogenated carboxyl nitrile rubber (HXNBR)/ single-hole hollow polyester fiber (SHHPF) composites were fabricated. The HXNBR that was chosen as matrix contains cyan that has greater internal friction that was beneficial to acoustic attenuation. Furthermore, after hydrogenation, it has excellent mechanical property, abrasion resistance and aging resistance properties. The SHHPF was used as reinforcement. The sound absorption property and tensile mechanical property were investigated. In addition, according to the research by Jiang and Zhou et al., the maximum fiber content was 20% and the thickness was 3 mm [9-10]. So, this study also focused on the influence of continuously increasing the fiber content and thickness of composite on the sound absorption property.
Experimental

Materials
The matrix HXNBR marked Therban XT VP KA8889 was produced by LANXESS Deutschland GMBH. 
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Hollow, polyester fiber, hydrogenated carboxyl nitrile rubber, sound absorption, composite Development Co., Ltd., China. For comparative analysis, common polyester fiber (PF) with fineness of 0.156 tex and length of 38 mm was used (Sinopec Yizheng Chemical Fiber Co., Ltd., China). The cross-sectional shape of fibers was shown in Figure 1 . 
Composite fabrication
A series of HXNBR/SHHPF composites with 1 mm thickness was fabricated according to the mass ratio of 100/0, 90/10, 80/20, 70/30, 60/40, and 50/50. For comparative analysis, the HXNBR/PF composite with 1 mm thickness and a mass ratio of 90/10 was also fabricated. In addition, the HXNBR/SHHPF composites in a mass ratio of 80/20 with 2, 3, 4, and 5 mm thickness were fabricated.
The fabrication procedure of composites was as follows. After HXNBR was kneaded with two-roller mill at 30°C for 5 min, fibers were added. Then the mixture was kneaded again using a cutting knife by mixing at 30°C for 40 min to enhance the homogeneity of the composite. Sheeted mixtures were molten for 5 min and then pressed at 140°C for 20 min under a pressure of 10 MPa with vulcanizing press. Finally, film samples were cooled at room temperature to obtain the required composites.
Performance testing
Sound absorption properties of the composites were assessed using a two microphone transfer-function method, according to the standard of ISO 10534-2. The testing apparatus was a part of a complete acoustic system SW230 (BSWA Technology Co., Ltd., China). A middle-tube setup was used to measure the different acoustical parameters in the range 100-2,500 Hz (Figure 2 ). At one end of the tube, a loudspeaker was placed as a sound source and the test material was placed at the opposite end to measure the sound absorption properties. Samples were placed into a measurement tube using a machined aluminum rod (length of 20 mm, diameter of 60 mm). Each set of the experiment was repeated three times in order to have average measurements. Tensile mechanical properties of the HXNBR/SHHPF composites were tested according to GB/T528-2009 using the fabric electronic strength instrument YG065 (Laizhou Electron Instrument Co., Ltd., Shandong, China). Samples were cut into dog-bone shape. The sample was 115 mm in length and 25 mm in width; the width of the narrow section was 6 mm and the gage length was 25 mm. The instrument was set at a speed of 500 mm/min for testing.
Morphology of the HXNBR/SHHPF composites was conducted by using a Quanta-250 Environment Scanning Electron Microscope (ESEM). All the samples were immersed in liquid nitrogen for 5 min and then broken. The fractured surfaces were sputter coated with gold before examination. The fiber dispersion of the composite was also revealed by Quanta-250 ESEM. The composite surface was sputter coated with gold before examination.
Results and discussion
Sound absorption properties of composites
Effect of fiber content on sound absorption properties
Sound absorption properties of composites with 1 mm thickness were shown in Figure 3 . As shown in Figure 3 , pure HXNBR based on its own viscoelastic damping characteristics have certain sound absorption property. The sound absorption coefficient was 0.119, 0.134, and 0.245 at frequency of 1,600, 2,000, and 2500 Hz, respectively. The frequency range for the sound absorption coefficient of more than 0.2 was 2,300-2,500Hz. At the same time, it can be seen that fibers added in rubber have little change in sound absorption below 1,500,Hz, showing its improvement when the frequency was higher than 1,500 Hz.
For composite containing 10% PF, compared with the pure HXNBR, the sound absorption of the HXNBR/PF composite improved a little, the sound absorption coefficient was 0.115, 0.167, and 0.291 at the frequency of 1,600, 2,000, and 2500 Hz, respectively. The frequency range for the sound absorption coefficient of more than 0.2 was broadened slightly to 2,200-2,500 Hz. It's mainly due to the addition of PF, the sound absorption effect from the original single rubber matrix viscoelastic damping extended to rubber matrix viscoelastic damping, fiber viscous effect, heat conduction, and vibration together [8] . Generally, the material sound absorption coefficient of more than 0.2 is referred as sound absorption material [11] . Referring to the effective bandwidth at which sound absorption coefficient at each frequency point is more than 0.2, it is obvious to find that using PF to improve the sound absorption property is limited. Therefore, by maintaining the fiber content to 10%, using the SHHPF instead of PF, as shown in Figure  3 , the sound absorption property was improved significantly; sound absorption coefficient was 0.126, 0.191, and 0.339 at frequency of 1,600, 2,000, and 2,500 Hz, respectively, and effective bandwidth was also widened to 2,100-2,500 Hz. The cross-sectional shape of fiber shown in Figure 1 showed that it's mainly due to the obvious hollow structure of SHHPF. The HXNBR/SHHPF composite has pore inside. The air vibration in pore, the air viscous effect and friction effect between air and pore wall lead to the dissipation of more energy that significantly improved the sound absorption property [8-9]. From Figure 3 , it can be seen that the sound absorption properties of HXNBR/SHHPF composites improved gradually by increasing the SHHPF content from 10% to 40%. When the SHHPF content was 40%, the sound absorption coefficient was 0.132, 0.298, and 0.671 at frequency of 1,600, 2,000, and 2,500 Hz, respectively. Effective bandwidth is also extended from the high-frequency region to the middle-frequency region, 1,800-2,500 Hz. With reference to Figures 1 and 4 , the pore in the composite material increased with the increasing SHHPF content in the composite; a large amount of air viscous effect and the friction effect between air and pore wall lead to much more energy dissipation. On the other hand, SHHPF is uniformly dispersed in the composite; a dense fiber network between fibers is gradually constructed with increasing SHHPF content, so the vibration between fibers and friction between fiber vibration and matrix enhanced, thus greatly dissipated sound energy [9] . As shown in Figures 3 and 5 , the sound absorption property enhanced more significantly at higher frequency with increasing SHHPF content. The main reason was the higher -frequency sound wave into the composite was more likely to result in vibration, thus the more energy dissipation. Meanwhile, with increasing SHHPF content, the fiber network in composite could be seen as organized in the form of fibrous porous material, and the sound absorption effect of fibrous porous material was better at higher frequency [6] . So the higher the SHHPF content, the better is the sound absorption property at higher frequency.
But the sound absorption property of composite declined while SHHPF content increased to 50% (shown in Figures 3 and 5) . The sound absorption coefficient was 0.139, 0.266, and 0.468 at frequency of 1,600, 2,000, and 2,500 Hz, respectively. As the fiber content in the material reached to a certain percentage, the negative effect began to show up. Because of the high fiber content and distribution in the material, a denser fiber net was formed, which would make the fibers easily to tangle, and the vibration effect between fibers were suppressed. At the same time, the elastic deformation of HXNBR was also restrained, making the viscoelastic damping effect reduced. In addition, it also inhibited the friction effect between SHHPF and HXNBR. Thus, the HXNBR/SHHPF sound absorption property declined. 
Effect of thickness on sound absorption properties
With a constant mass ratio 80/20 of HXNBR/SHHPF, the thickness of the composite was increased from 1 to 2, 3, 4, and 5mm.The sound absorption properties of these composites were shown in Figure 6 . It was found that at frequency below 1,300 Hz, there was a little improvement in sound absorption property when the thickness changed from 1mm to 3mm. This was because the low-frequency sound waves caused weak vibration of the composite and could not effectively induce energy dissipation effect of the matrix and SHHPF. The sound absorption property was significantly improved at higher frequency above 1,300 Hz; the sound absorption coefficient at frequency of 1,600, 2,000, and 2,500 Hz was increased from 0.129, 0.249, and 0.438, respectively, for composite of 1 mm thickness to 0.177, 0.345, and 0.526, respectively, for composite of 2 mm thickness and 0.229, 0.419, and 0.605, respectively, for composite of 3 mm thickness. Meanwhile, the effective bandwidth was also extended from 1,900-2,500 to 1,700-2,500 and 1,500-2,500. This made the sound absorption of the composite material to expand larger to the intermediate frequency area. However, the thickness of composite material was increased further from 3 to 4 and 5 mm and the effective bandwidth expanded to 1,400-2,500 and 1,300-2,500 Hz, respectively. But the sound absorption coefficient at each frequency point increased relatively small. The sound absorption coefficient was 0.277, 0.461, and 0.631 for composite of 4 mm thickness and 0.318, 0.492, and 0.652 for that of 5 mm thickness at frequency of 1,600, 2 000, and 2,500 Hz, respectively. This indicated that increasing the thickness of the composite could effectively improve the sound absorption property, but the improvement was inconspicuous when a certain thickness is reached. So choosing an appropriate thickness of the composite material was one of the key points. To improve the sound absorption property of the composites by increasing its thickness was based on the increased sound wave propagation distance within the composites, so the matrix viscoelastic damping effect, the viscosity of air, and the friction between air and wall cavity relatively enhanced and leaded to more energy dissipation [2] . Moreover, from Figure 6 , it can be found that increasing the thickness from 3 to 4 and 5mm, the amplification of the sound absorption coefficient was relatively small at high frequency area but larger at lower frequency area; it's also consistent with the rule described in reference [12-13]. The main reason was that the sound wave's penetration ability was stronger at lower frequency, the sound absorption mechanism effects in HXNBR/ SHHPF composite exerted relatively sufficient when the composite has an adequate thickness. In high-frequency area, because of the increased acoustic impedance, the enhanced reflectance effect on the sound wave resulted in reducing the sound wave into composite so the amplification of the sound absorption coefficient was relatively small.
Mechanical property of the composites
The mechanical property of the HXNBR/SHHPF composite, which has excellent sound absorption property, has become one of the main factors affecting the practical application in engineering. The tensile mechanical property of HXNBR/ SHHPF was shown in Figure 7 . The breaking tenacity of the pure HXNBR was only 6.33 MPa with elongation at break of 100.5%. After mixing with the SHHPF, the mechanical property improved sharply compared with the pure HXNBR. By increasing the SHHPF content from 0% to 50%, the breaking tenacity gradually increased from 6.33 to 20.17, 35.5, 63.33, 91.33, and 102.45 MPa, respectively. The elongation at break gradually decreased from 100.5% to 73.1%, 50.3%, 39.1%, 18.6%, and 10.73%, respectively.
The reason is that mainly due to the SHHPF that is uniformly dispersed in the matrix after mixing and vulcanization, the interface between SHHPF and matrix was well combined and can effectively undertake the tensile force. Meanwhile, compared to the pure HXNBR, when the HXNBR/SHHPF composite is subjected to the tensile force, besides the fracture of matrix, it was also accompanied by fiber pullout and fiber breakage, thus the breaking tenacity of the composite was improved [14-15]. Furthermore, as shown in Figure 4 , the fiber network was well formed in the matrix by increasing the SHHPF content, so the breaking tenacity was also increased. Meanwhile, elastic deformation of HXNBR matrix was also limited with increasing SHHPF, so the deformation stability of HXNBR/ SHHPF composites was improved. The earlier matrix fracture was caused by a large amount of microcracks and pores when the fibers pullout under the tension force, thus the elongation at break was gradually decreased [16-17].
Conclusion
A series of HXNBR/SHHPF composites were fabricated and evaluated in terms of their sound absorption property as well as tensile mechanical property. The results showed that HXNBR/
[6] Gliscinska, E., Michalak, M., Krucinska, I. (2013 SHHPF composites exhibited an excellent sound absorption property. SHHPF content and composite thickness significantly influenced the composites' sound absorption property.
The sound absorption property of the composite was improved gradually by increasing the SHHPF content below 40% with 1 mm thickness. HXNBR/SHHPF composite with mass ratio of 60/40 has the best sound absorption property; effective bandwidth was 1,800-2,500 Hz for sound absorption coefficient of more than 0.2, and sound absorption coefficient peak was 0.671 at 2,500 Hz. Further increasing the SHHPF content to 50% led to the decline of its sound absorption property.
The sound absorption property of the HXNBR/SHHPF composite was improved gradually by increasing the thickness from 1 to 5 mm with a constant mass ratio of 80/20. But the improvement was more significant from 1 to 2 and 3 mm than that from 3 to 4 and 5 mm.
Meanwhile, HXNBR/SHHPF composites had an excellent tensile mechanical property. HXNBR/SHHPF composite with mass ratio of 60/40 in 1 mm thickness that has the best sound absorption property also has an excellent tensile property. The tensile breaking tenacity was 91.33 MPa, while the elongation at break was 18.6%.
Finally, based on the results of this study, we believe that HXNBR/SHHPF has excellent practical application value.
